FLT3-ITD-mutated acute myeloid leukemia (AML) has very high risk of relapse and is associated with poor outcome following allogeneic hematopoietic-cell transplant (allo-HCT). This two-part, phase 1, multicenter, open-label, sequential-group, dose-escalation study aimed to determine dose-limiting toxicities (DLTs), maximum tolerated dose (MTD), and safety/tolerability of quizartinib, a selective and highly potent FLT3 inhibitor, when administered as maintenance therapy after allo-HCT. Thirteen subjects with documented FLT3-ITD-mutated AML in morphological remission following allo-HCT received one of two quizartinib dihydrochloride dose levels (DL): 40 mg/d (DL1; n 5 7) and 60 mg/d (DL2; n 5 6), administered orally in 28-day cycles for up to 24 wileyonlinelibrary.com/journal/ajh Am J Hematol. 2018;93:222-231.
cycles. Median age of participants was 43 years. All subjects received human leukocyte antigen (HLA)-matched allo-HCT. One subject treated at DL1 and 1 treated at DL2 had DLTs that required drug interruption (grade 3 gastric hemorrhage and grade 3 anemia, respectively). Ten subjects (77%) received quizartinib for >1 year; 5 (38%) completed 24 cycles. Four subjects (31%) discontinued quizartinib due to adverse events. One subject (8%) experienced relapse during cycle 1 and discontinued treatment. Most common grade 3/4 adverse events were neutropenia (23%), anemia (15%), leukopenia (15%), lymphopenia (15%), and thrombocytopenia (15%). This study demonstrated acceptable tolerability and early evidence of reduced relapse rate following allo-HCT with quizartinib maintenance compared to historical cohorts. No MTD was identified, but 60 mg daily was selected as highest dose for continuous daily administration based on randomized comparison of daily 30 and 60 mg doses in relapsed/refractory AML.
| I N TR ODU C TI ON
AML is the most common acute leukemia in adults and a heterogenous malignancy involving clonal proliferation of abnormally or poorly differentiated hematopoietic cells of myeloid lineage. 1, 2 Despite recent progress in the understanding of the biology of AML, improvements in patient outcomes have been limited over the last 30 years, and 5-year survival rate remains poor (25%). [2] [3] [4] While approximately 60% to 80% of subjects with AML achieve complete remission (CR) in response to standard of care induction/consolidation chemotherapy, disease relapse occurs in a majority of patients and is a major cause of treatment failure. Subjects with relapsed AML have poor outcomes. 1, 2, 4, 5 Mutations of the FMS-like tyrosine kinase 3 (FLT3) receptor are among the most common molecular alterations in subjects with AML, particularly in individuals presenting with normal karyotype. [6] [7] [8] [9] Internal tandem duplication (ITD) mutations of FLT3 occur in approximately 25% of subjects with newly diagnosed AML, resulting in constitutive activation of FLT3 kinase activity and the promotion of cellular proliferation and survival that is associated with high leukemic burden. [10] [11] [12] [13] [14] Importantly, FLT3-ITD is a driver mutation in AML, and its presence identifies a high-risk population of patients with resistance to induction chemotherapy, [14] [15] [16] as well as with shorter duration of remission, increased risk of relapse, and increased mortality in subjects who respond to standard of care chemotherapy. 8, 11, [14] [15] [16] [17] [18] These data highlight the great need for more effective therapies in subjects with FLT3-ITD-mutated AML.
For subjects with FLT3-ITD-mutated AML who achieve morphologic remission following induction chemotherapy, consolidation therapy with allo-HCT has been shown to be associated with lower rates of relapse versus chemotherapy or autologous HCT (auto-HCT). [19] [20] [21] For example, individuals with biallelic FLT3-ITD and a FLT3-ITD to wild-type FLT3 allelic ratio >0.6 have a risk of relapse of >90% following consolidation with chemotherapy or auto-HCT versus 40%-50% following allo-HCT. 22 However, subjects with FLT3-ITD-mutated AML still have an elevated risk of relapse and poor outcomes after allo-HCT compared with FLT3-ITD-negative subjects, with reported incidence of relapse ranging between 30% and 59% vs 15%-25%, respectively. 19, 21, [23] [24] [25] These findings provide a strong rationale for the targeting of FLT3-ITD as a potential means of improving therapeutic outcomes in this patient population.
While maintenance therapy is not currently a standard management strategy for AML, it is being investigated in this patient population and has the potential to improve outcomes by preventing and/or delaying relapse. 26 For instance, recent studies suggest that maintenance therapy using FLT3-targeted therapies may improve post-HCT outcomes in patients with FLT3-ITD-mutated AML, possibly by eliminating minimal residual disease (MRD) following consolidation therapy. [26] [27] [28] [29] [30] Quizartinib is a novel, orally administered, selective and highly potent inhibitor of FLT3 that has demonstrated clinical activity in phase 1/2 studies of subjects with newly diagnosed and relapsed and refractory (R/R) AML harboring FLT3-ITD mutations. [31] [32] [33] [34] [35] [36] [37] [38] [39] Here, we report the results of a phase 1 study-the first to evaluate the safety and tolerability of quizartinib as maintenance therapy in subjects with FLT3-ITD-mutated AML who underwent allo-HCT.
| M E TH ODS

| Study design
Study 2689-CL-0011 (NCT01468467) was a 2-part, phase 1, multicenter, open-label, sequential-group, dose-escalation trial of quizartinib monotherapy administered as maintenance therapy following allo-HCT in subjects with AML. The study protocol was approved by Institutional Review Board/Independent Ethics Committee at participating centers. All subjects signed an informed consent form prior to screening. The primary objectives of the study were determination of the DLTs of quizartinib, definition of MTD, and evaluation of the safety and tolerability of quizartinib when given as maintenance therapy after allo-HCT. Secondary objectives of the study were evaluation of the efficacy of quizartinib in subjects who receive maintenance therapy after allo-HCT, evaluation of transplant-related outcomes in subjects who receive quizartinib as maintenance therapy after allo-HCT, and characterization of the pharmacokinetics (PK) of quizartinib and AC886 (the pharmacologically active metabolite of quizartinib)
| Part 1: Quizartinib dose escalation
In part 1 of the study, quizartinib dose escalation was planned in up to 3 cohorts (3-6 subjects treated per cohort) with assessment of DLTs during the first 2 cycles of treatment until an MTD was identified.
Quizartinib dosing started within 30 to 60 days post HCT.
Quizartinib dihydrochloride was administered orally (solution or tablet formulations) at least 1 hour before or 2 hours after a meal in 28-day cycles for up to 24 cycles. The first dose level tested was quizartinib dihydrochloride 40 mg daily (equivalent to 35.4 mg quizartinib free base) and the second dose level tested was quizartinib dihydrochloride 60 mg daily (equivalent to 53 mg quizartinib free base).
Subject doses were assigned manually using a modified 3 1 3 (rolling six) design that allowed for concurrent enrollment of 2 to 6 subjects into a cohort based on number of subjects currently enrolled and evaluable, number experiencing a DLT, and number still at risk for developing a DLT (subjects with data pending). Enrollment of subjects into dose cohorts was determined by a dose-escalation committee consisting of the study sponsor's medical monitor and the principal investigator at each participating center, after review of data available for previously enrolled subjects who were treated at the most current dose level being evaluated. Dose-escalation rules were further defined by whether the MTD had or had not been exceeded in the trial overall. DLTs were defined were defined as occurrence of any of the following events during the first 2 treatment cycles which were considered possibly or probably related to study drug: (1) any grade 3 nonhematologic toxicity persisting >48 hours without resolution to grade 2 (excluding alopecia, anorexia, or fatigue; grade 3 nausea,
vomiting, or diarrhea that was managed to grade 2 with standard antiemetic or antidiarrheal medications used at prescribed dose within 7 days of onset; grade 3 mucositis that resolved to grade 2 within 7 days of onset; grade 3 fever with neutropenia, with or without infection; and grade 3 infection), (2) hematologic toxicities, including peripheral ANC) <500/mm 3 (grade 4 unrelated to leukemia (assessed by marrow aspirate or biopsy) or that could not be attributed to a concomitant medication, or platelet count <10,000/mm 3 , (3) any confirmed grade 3 QTcF prolongation (QTcF >500 ms), (4) any other study drug-related toxicity occurring after the first dose of quizartinib and causing interruption of study drug for >14 days or discontinuation of study drug.
MTD was defined as highest dose of quizartinib associated with the occurrence of a DLT in fewer than 33% of the subjects in a cohort and was estimated to be dose level at which 1 out of 6 subjects experienced a DLT and below the lowest dose level at which 2 out of 2 to 6 subjects experience a DLT.
| Part 2: MTD evaluation
Part 2 of the study was designed to evaluate the safety, efficacy, and PK of quizartinib at the MTD in an expanded patient cohort. However, the study was terminated before the start of part 2 due to end of collaboration agreement between the trial sponsors Ambit Biosciences and Astellas Pharma Inc., and total study enrollment consisted of 13 subjects in part 1.
| Eligibility
Subjects age 18 years with morphologically documented AML as defined by the World Health Organization (WHO) criteria, 9 and who received a high-dose or a reduced-intensity conditioning allo-HCT during first or second morphologic remission (CR1 or CR2; defined as <5% marrow blasts) and without active central nervous system AML within 14 days prior to first dose of study drug), within 30 to 60 days prior to first dose of study drug, and with donor CD3 chimerism >50% at screening and meeting the following criteria were enrolled: HLA matched related or unrelated donor with only single allele disparity for HLAs allowed, Karnofsky performance status 60, ANC >1000/mm 3 and platelet count >50,000/mm 3 without platelet transfusion support within 2 weeks prior to first dose of study drug, adequate renal, hepatic, and coagulation parameters.
Exclusion criteria included: disease relapse during prior treatment with quizartinib; active grade 2 graft versus host disease (GVHD); concurrent chemotherapy, immunotherapy, or radiotherapy within 21 days prior to the first dose of quizartinib; any antineoplastic therapy 
| PK assessments
Plasma concentrations of quizartinib and AC886 were determined using a validated liquid chromatography with tandem mass spectrometry (LC/MS/MS) assay methodology by BASi (West Lafayette, IN, USA).
PK analyses were performed for subjects receiving at least 1 dose of quizartinib and for whom sufficient concentration data were available to facilitate derivation of at least 1 primary PK parameter. PK parameters included area under the curve (AUC), maximum concentration (C max ), trough concentration (C trough ), and time to peak concentration (T max ).
| Statistical analyses
Planned enrollment for the study was approximately 30 subjects, with up to 18 subjects in the dose-escalation phase (part 1) and approximately 12 subjects in the MTD evaluation phase (part 2), allowing for treatment of at least 18 subjects at the MTD. All data processing, summarization, and analyses were performed using SAS ® Version 9.1 or higher.
Safety analyses consisted of data summaries for AEs, DLTs, and other safety parameters and were conducted on all subjects receiving at least 1 dose of quizartinib. AEs were coded to system organ class and preferred term using MedDRA terminology. Number and percent of subjects experiencing 1 or more AE(s) were summarized by cohort.
Relationship to study drug and severity of AEs were also summarized.
AEs leading to permanent discontinuation of study drug, and serious Figure   S1 ). All subjects discontinued therapy: 5 (38%) due to completion of all 
| Pharmacokinetics
Pharmacokinetic analyses were limited by small number of subjects and samples. Following administration of 40 mg or 60 mg quizartinib once-daily, median time to peak quizartinib plasma concentration (t max ) occurred between 2.00 h and 3.21 h on days 1 and 15, with peak plasma concentrations (C max ) approximately 3-fold to 4-fold higher on Day 15 compared to Day 1 (Figure 1A,B 
| Safety
There were no documented cases of reductions in donor chimerism reported in any subjects. Use of G-CSF was reported for 6 subjects (46%). No subjects had platelet counts below the threshold value of <20 3 10 9 while on study drug (Supporting Information Figure S2 ).
Two subjects (15%) had ANC values below the threshold value of <500 3 10 6 . One subject had a nadir ANC value of 360 3 10 6 on study day 29 and spent 4.5% of study duration below the ANC threshold value. A second subject had a nadir ANC value of 200 3 10 6 on study day 114, with undetectable ANC counts on study day 141, and spent 24.8% of study duration below the ANC threshold value. Neither subject recovered above the ANC threshold value (500 3 10 6 ) during the study.
Rates of grade 3/4 AEs were similar for both treatment groups. The most common grade 3/4 AEs were hematologic ( Table 2 ) and included neutropenia (23%), leukopenia (15%), anemia (15%), thrombocytopenia (15%), and lymphopenia (15%). Other grade 3/4 AEs reported included corneal epithelium defect, retinal infarction, gastric hemorrhage, and pneumonia. A total of 13 GVHD events were reported in a total of 9 subjects (69%): 5 (38%) grade 1, 3 (23%) grade 2, and 1 (8%) grade 3.
Ten events were classified as acute GVHD and 3 were classified as chronic GVHD. Seven subjects (54%) experienced grade 1/2 QTcF prolongation (>450 to 500 ms), 3 were treated at 40 mg and 4 were treated at 60 mg. Six of these 7 subjects were taking co-medications associated with QT prolongation (1 subject moxifloxacin, 1 subject azithromycin, 3 subjects prochlorperazine, 1 subject azithromycin and prochlorperazine). There were no reports of grade 3 QTcF prolongation (>500 ms) or treatment-emergent AE of ECG QT prolongation for any subject. One subject in each dose group had a maximum QTcF change from baseline of >60 msec. No subjects had dose reductions or interruptions due to QTcF prolongation events. There were no cases of Torsade de pointes. One subject who discontinued treatment on study day 574 experienced a grade 5 SAE of peritoneal hemorrhage on study day 610, which resulted in death. This event was considered not related to study treatment.
| Efficacy
Ten subjects (77%) received treatment with quizartinib for >1 year, 6 (46%) received treatment for close to 2 years (95 to 99 weeks) ( Figure   2A ). Five subjects (38%) completed quizartinib treatment. Relapse was observed in only 1 subject (8%) receiving quizartinib, which occurred in the first cycle. Ten subjects were still alive at the end of the study, and 3 had died (1 disease progression, 1 peritoneal hemorrhage, 1 unknown causes). OS ranged from approximately 13 weeks to 142 weeks, with 9 subjects (69%) surviving 50 weeks and 4 subjects (31%) surviving >2 years (104 weeks). There was no significant difference in OS between treatment groups ( Figure 2B ).
| D ISC USSION
The prognosis for subjects with FLT3-ITD-mutated AML is very poor, with higher risk of relapse and shorter interval prior to relapse and an estimated median survival <5 months after first relapse. 43, 44 Moreover, some studies have demonstrated an increase in FLT3-ITD mutant allelic ratio in subjects with relapsed AML. [45] [46] [47] Thus, the presence of FLT3-ITD mutation defines a high-risk population of AML in need of more efficacious therapies. The phase 3 RATIFY study demonstrated a significant OS benefit in subjects with newly diagnosed AML harboring FLT3 mutations who received midostaurin in combination with standard first line chemotherapy. 48 However, it is unclear if the improvement in outcomes observed with midostaurin is related to inhibition of FLT3 or other effects. Based on results of the RATIFY study, the US Food and Drug Administration approved midostaurin in combination with chemotherapy for treatment of adult patients with newly diagnosed AML who have FLT3 mutations. While allo-HCT has been shown to confer improved outcomes in subjects with FLT3-ITD-mutated AML, this patient population retains an increased frequency of relapse after transplantation, underscoring the potential selective advantage of FLT3-ITD-mutated disease and the need for more effective therapies.
A phase 1 trial evaluating the tyrosine kinase inhibitor sorafenib as maintenance therapy in subjects with FLT3-ITD-mutated AML following HCT demonstrated 1-year progression-free survival (PFS) of 85% and 1-year OS of 95%. 49 However, there are currently no approved therapies for patients with AML who experience treatment failure/ disease relapse following allo-HCT.
The goal of maintenance therapy is to eradicate MRD post standard of care induction/consolidation chemotherapy. Administration of longterm maintenance therapy has been used successfully for hematologic malignancies, including acute lymphoblastic leukemia and multiple myeloma, but it has not been integrated into standard treatment of subjects with AML. 26, 50 The strong association between FLT3-ITD mutation and poor outcomes in individuals undergoing consolidation HCT identifies a patient population with high unmet need and a potential druggable target.
Quizartinib is a novel FLT3 inhibitor that possesses greater selectivity and potency toward FLT3-ITD versus early FLT3 inhibitors, including midostaurin, sorafenib, and sunitinib. 35, [51] [52] [53] [54] This is the first study to examine the safety and activity of quizartinib when administered as maintenance therapy in subjects with FLT3-ITD-mutated AML who underwent allo-HCT. Post-transplant maintenance treatment was associated with low rates of grade 3/4 AEs.
Quizartinib-associated AEs were manageable with dose adjustments and/or interruptions, and median of treatment cycles was 21. The majority of AEs reported were hematologic; however, satisfactory overall blood counts were maintained for 11 of 13 subjects throughout the duration of the trial. The 69% rate of GVHD observed following treatment with quizartinib was consistent with GVHD rates previously reported for patients with AML who underwent allo-HCT (acute: 43%-80%; chronic: 34%-49%). 23 Steady-state levels of quizartinib achieved in study subjects were well above the IC 50 values for FLT3 inactivation and inhibition of leukemic growth in peripheral blood reported in preclinical studies, 51, 52, 54 as well as within concentrations predicted to be needed for complete inhibition of leukemic growth in bone marrow. 61 Although PK analyses were limited by the small number of subjects and by dose adjustments and/or interruptions in a majority of subjects, we observed a stable PK profile for both quizartinib and its active metabolite, AC886, with continuous administration-a property compatible with long-term dosing.
This contrasts with the multitarget kinase inhibitor midostaurin, for which plasma concentrations have been reported to decrease during continuous dosing, potentially due to induction of enzymes that metabolize the drug. 62 Although an MTD was not reached, quizartinib dose was not escalated above 60 mg/d. While a DLT was observed at 60 mg/d, this dose was selected as MTD for continuous daily administration as it has demonstrated strong efficacy and lower rates of QT prolongation in previous quizartinib studies, 33, 63 and, if necessary, dose can be reduced to help further improve tolerability.
Limitations of our study include a small patient size and lack of a control arm. The study was terminated early, and total study enrollment was limited to 13 subjects in part 1 of the study. These factors led to more limited readouts on safety, efficacy, and PK than initially planned for the study. However, encouraging safety and efficacy results were observed in this population of subjects harboring FLT3-ITD mutations, with a majority receiving more than 1 year of treatment with quizartinib as post-maintenance therapy following allo-HCT.
Results show acceptable tolerability of quizartinib, as well as early evidence of a reduced relapse rate following allo-HCT (8%) compared to previously reported rates in subjects with FLT3-ITD-mutated AML (30%-59%), 19,21,23-25 and support further clinical evaluation. The optimal duration of quizartinib maintenance therapy is unknown. However, given that there is elevated risk of relapse in subjects with FLT3-ITD-mutated AML within the first 24 months following HCT, 23 it would appear to be optimal to continue maintenance therapy in these patients for at least 2 years. The evaluation of quizartinib as posttransplant maintenance therapy has been included in an ongoing random- ORCID Brenda M. Sandmaier http://orcid.org/0000-0002-9767-9739
